We studied the microscopic origin of the electroluminescence from monolayer MoS 2 fabricated on a heavily p-type doped silicon substrate. Auger recombination of the exciton-exciton annihilation of bound exciton emission is observed.
The direct energy bandgap and the non-centrosymmetric lattice structure set monolayer MoS 2 distinct from its bulk counterpart and the widely studied monolayer graphene [1] . Strong photoluminescence, microscopic mechanisms of exciton-related recombination, large exciton binding energy and the possibility for efficient control of valley and spin have attracted extensive research effort into this material [2] [3] [4] . Electroluminescence, i.e. photo emission from radiative recombination of the electrically injected electrons and holes, is a reliable way to study exciton recombination processes in monolayer MoS 2 , including valley and spin excitation and control. Here, we report electrically pumped light emission from heterojunction of monolayer MoS 2 (n-type) and hevily doped (p-type) silicon, resulting in high signal-to-noise ratio emission spectrum, allowing for the indentification of emission from different optical transitions. In our heterojunction diodes (Figure 1a ), heavily p-doped silicon is used to inject holes to n-type monolayer MoS 2 . Figure 1b shows the ideal corresponding band structure under a forward bias. When a forward bias is applied to the heterojunction, the injection of holes from silicon across the junction can give rise to efficient radiative recombination, because of direct band-gap property of monolayer MoS 2 . The corresponding electroluminescence will be determined by the radiative transition of the monlayer MoS 2 . In figure 1c , we present the I-V characteristic of a monolayer MoS 2 diode, which clearly shows rectifying behavior when the voltage changes from 3 V to -3 V. To measure the electroluminescence spectra, we coupled the emitted light to a fiber connected to a spectrometer. Figure 2a depicts the room-temperature electroluminescence spectra under varied currents. The electroluminescence exhibits a current threshold of about 15 µA in this device; the two main feature of A-(labeled AX) and boundexciton (labeled DX) excitation emission are clearly observed at currents exceeding this threshold. In figure 2c , we present the current dependence of the AX and DX emission intensities as extracted from figure 2a. The AX shows a linear dependence with increasing current. However, the DX rises linearly at low currents but saturates as the current exceeds about 65 µA. Saturation of the DX exciton emission cannot be caused by a phonon-assisted nonradiative process, as the two peaks display different current dependencies. We propose this is a different effect involving multiple exciton-exciton interactions, which is similar to Auger recombination. Auger recombination may lead to rapid exciton-exciton annihilation when extra excitons or multiple excitations are present. At a low electron-hole pair injection rate of I/2q (q as the electron charge), there may only be one electron-hole pair in excited monolayer MoS 2 . Thus, we observe linear dependence with increasing current at low injection rate. When the electron-hole pair injection rate exceeds the inverse carrier lifetime τ L -1
, more than one electron-hole pair is present in monolayer MoS 2 . The Auger process opens up a nonradiative recombination channel for electron-hole pair recombination. If the Auger process is sufficiently efficient, it will quickly deplete the population of electron-hole pairs. The annihilation of the electron-hole pairs comes to a stop when only a single electron-hole pair remains in the monolayer MoS 2 . Thus, we observe the saturation of the exciton emission at sufficiently high injection current. The sudden saturation further suggest that the DX-DX annihilation lifetime τ A DX <<τ L . On the other hand, due to the absence of any noticeable AX saturation, we expect the AX-AX annihilation lifetime τ A AX to be much longer than τ L . Surprisingly, at 10 K, the DX emission exhibits different current dependence behavior compared to that of room temperature. Both AX and DX emissions show a linear increase with current. The absence of the saturation of the DX emission under a high electron-hole injection rate at low temperature is due to the slowing down of the Auger rate [5] . As the increased DX-DX annihilation lifetime τ A DX is comparable or longer than τ L , the DX emission will not saturate even under high injection rate. Fig. 2 . Electroluminescence spectra.
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